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How Viruses Enter Animal Cells 



Viruses replicate within living cells and use the cellular machinery for the synthesis 
of their genome and other components. To gain access, they have evolved a variety 
of elegant mechanisms to deliver their genes and accessory proteins into the host 
cell. Many animal viruses take advantage of endocytic pathways and rely on the cell 
to guide them through a complex entry and uncoating program, tn the dialogue 
between the cell and the intruder, the cell provides critical cues that allow the virus 
to undergo molecular transformations that lead to successful internalization, intra- 
cellular transport, and uncoating. 



Although extremely simple in structure and 
composition, viruses are masters of camouflage 
and deception. Devoid of any means of inde- 
pendent locomotion, they disseminate by ex- 
ploiting cells and organisms. Aided by rodents, 
insects, and migratory birds, and passed along 
by global trade and travel, they move around 
the world with amazing speed. Once they enter 
the body of a potential host, they can penetrate 
mucus layers, move through the blood stream, 
and disperse with the help of motile cells and 
neuronal pathways. 

A critical moment occurs when a virus 
particle reaches a potential host cell and at- 
taches itself to the surface. It must now de- 
liver its capsid and accessory proteins into the 
cell in a replication-competent form, ideally 
with minimal damage to the cell and leaving 
little evidence of its entry for detection by the 
immune defenses. This is not a trivial prob- 
lem because cell membranes are imperme- 
able to macromolecules. 

Overview: Virus Entry and Uncoating 

Viral particles mediate the transfer of the 
viral genome and accessory proteins from an 
infected host cell to a noninfected host cell. 
The task involves packaging the viral genome 
(RNA or DNA) and accessory proteins, re- 
leasing the package from the infected cell, 
protecting the essential components during 
extracellular transmission, and delivering 
them into a new host cell. Many viruses with 
a DNA genome must enter the nucleus, 
whereas RNA viruses, with a few exceptions, 
replicate in the cytosol. Overall, viruses use a 
"Trojan horse'* strategy in which the victim 
assists the intruder. To extract assistance 
from the host cell, viruses use the detailed 
"insider information" that they have acquired 
during millions of years of coevolution with 
their hosts. 

In a typical animal virus particle, the viral 
RNA or DNA is condensed in icosahedral or 
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helical nucleoprotein complexes called cap- 
sids. In enveloped viruses, the capsids are 
surrounded by a lipid bilayer that contains 
viral spike glycoproteins. In addition, some 
viruses contain reverse transcriptases, RNA 
polymerases, kinases, and other proteins that 
are important during uncoating, replication, 
or other early intracellular steps. 

To infect a target cell, a virus particle pro- 
ceeds through a multistep entry process, during 
which each step is preprogrammed and tightly 
regulated in time and space. Figure 1 shows 
electron micrographs of some entry steps: virus 
binding to the cell, endocytosis, and nuclear 
import. Another critical step in the infection 
process is uncoating, during which the lipid 
envelope must be shed and the capsids must be 
at least partially disassembled to expose a 
replication-competent genome. Once uncoating 
has occurred, the mobility of the genome within 
the cell is restricted. 

Progress through the entry and uncoating 
program depends on "cues" that the cell pro- 
vides. Cues include interaction with cell surface 
receptors, exposure to low pH, and reimmersion 
into a reducing environment Such cues trigger 
preprogrammed conformational changes and dis- 
sociation events in the virus particle. 

To respond to cues, the virus particles or 
some of their component proteins (such as the 
spike glycoproteins) occur in metastable and 
easily modified conformational states. When 
triggered by a cue, the metastable state can be 
relaxed to allow marked changes in viral 
properties without the input of external ener- 
gy. Here, we describe several examples of 
this process. 

Receptors and Attachment Factors 

To infect, a virus must first attach itself to the 
surface of a cell. The molecules to which 
viruses bind constitute a diverse collection of 
cellular proteins, carbohydrates, and lipids. 
They differ from one virus to the next, and 
they range from abundant and ubiquitous to 
rare and cell specific. Some of them merely 
serve as attachment factors that concentrate 
viruses on the cell's surface. Others are true 
receptors in that they not only bind viruses 



but are also responsible for guiding the bound 
viruses into endocytic pathways and for 
transmitting signals to the cytoplasm. Recep- 
tors can also serve as cues that induce con- 
formational changes that lead to membrane 
fusion and penetration. The identity and dis- 
tribution of attachment factors and receptors 
determines to a large extent which cell types, 
tissues, and organisms a virus can infect. 

Some viruses use multiple attachment factors 
and receptors in parallel or in succession. In the 
case of human immunodeficiency virus (HIV)- 
1 , for example, initial contacts often involve cell 
surface attachment factors such as mannose 
binding C-type lectin receptor family members, 
the dendritic cell-specific intercellular adhesion 
molecule (ICAM)-3-grabbing nonintegrin (DC- 
SIGN), or the liver and lymph node-specific 
ICAM-3-grabbing nonintegrin (L-SIGN) (/, 2). 
These initial interactions do not induce confor- 
mational changes in the glycoprotein. When the 
glycoprotein 120 (gpl20) subunit of the virus 
envelope binds to the outermost immunoglobu- 
lin G domain of CD4, it undergoes a conforma- 
tional change that allows the virus to associate 
with its co-receptors, the chemokine receptors 
CXCR4 or CCR5 (3). The interaction between 
gpl20 and CXCR4 or CCR5 triggers the con- 
version of the gp41 envelope subunit to the 
fusion-competent conformation (4, 5). 

A similar situation is observed for alpha- 
herpes viruses, for which heperan sulfate pro- 
teoglycans serve as initial attachment factors 
for one of the glycoproteins (gC). Membrane 
fusion is induced by other viral glycoproteins 
after interacting with additional receptors, 
such as herpes virus entry (HVE) mediator, 
nectins, or integrins (6). 

The individual interaction between a virus 
and a single attachment factor or receptor can 
be weak with a binding constant as low as 
millimolar (7, 8). However, when multiplied 
over numerous contacts, the avidity makes 
virus binding virtually irreversible. Envel- 
oped viruses such as myxo- and paramyxo- 
viruses that bind to sialic acid groups have 
spike glycoproteins with neuraminidase ac- 
tivity. They serve as receptor-destroying fac- 
tors that release the bound viruses if these 
viral particles fail to proceed in their entry 
program (9). 

Receptor-Binding Proteins 

In enveloped viruses, it is the spike glycop- 
roteins that bind to receptors. They are often 
multifunctional proteins serving additionally 
as membrane fusion factors and/or receptor- 
destroying enzymes. Structural data on spike 
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glycoprotein-receptor interactions exist for 
several enveloped viruses including hemag- 
glutinin (HA) of influenza virus with bound 
sialic acid (7), for gpl20 of HIV-l with 
bound CD4 (/0), for glycoprotein D of her- 
pes simplex virus 1 (HSV-1) with bound 
HVEA (77), for gp42 of Epstein-Barr virus 
with bound human lymphocyte antigen 
(HLA)-DR (72), and for Newcastle disease 
virus HN protein with the beta-anomer of 
sialic acid (73). 

In non-enveloped viruses, the structures 
that bind receptors are projections or inden- 
tations in the capsid surface. Adenoviruses 
have prominent homotrimeric fibers with 
globular knobs that project from each of the 
12 vertices. The x-ray crystal structure of the 
adenovirus 12 knob, together with the N- 
terminal domain of the coxsackie and adeno- 
virus receptor (CAR), shows a large contact 
area on the lateral side of each subunit in the 
knob (74). The penton base of many adeno- 
virus subfamilies contains an exposed RGD 
sequence that associates with integrins (75). 
In rhino- and enteroviruses, including po- 
lio, the receptors bind in a cleft in the 
capsid surface called the "canyon" {16). 




Fig. 1, Electron micrograph of virus entry. (A) Semliki Forest virus, a 
simple enveloped toga (alpha) virus, binds to the surface of baby 
hamster kidney (BHK-21) cells in large numbers. Some of the viruses 
are associated with microvilli, whereas others are localized in inden- 
tations that correspond to clathrin-coated pits (arrows). [Courtesy: 
J. Heuser and A. Helenius] (B) Semliki Forest virus particles in clathrin- 
coated vesicles. [Courtesy: J. Kartenbeck and A. Helenius] (C) SV40 
particles (arrowheads) are internalized by tight-fitting caveolar vesi- 
cles and transported to caveosomes that contain multiple viruses. 
[Courtesy: J. Kartenbeck and A. Helenius] (D) The capsids of human 
hepatitis B viruses (arrowheads) pass through the NPCs in transit from 
the cytoplasm to the nucleoplasm. In the experiment illustrated in 
this micrograph, recombinant capsid-like particles were micro-inject- 
ed into Xenopus oocytes, and their interaction with the nuclear pores 
visualized in electron micrograph sections. Rows of capsids lined up 
within the NPCs (arrows). [Courtesy: N. Pante and M. Kann] 



For some viruses, binding may cause desta- 
bilization of the virus particle, a first step 
toward uncoating. 

Virus Binding: Carbohydrate/Protein 
Interactions 

Carbohydrate/protein interactions have long 
been known to play an important role in viral 
invasion (7 7). Some viruses bind specifically 
to sialic acid-containing groups, and others 
bind to glycosaminogl yeans or glycolipids. 
Heparan sulfate has been identified as an 
attachment factor for herpes viruses, adeno- 
associated viruses, dengue virus, tick-borne 
encephalitis virus, papilloma viruses, 
paramyxovirus 3, and Sindbis virus (6, 18- 
23). For some of these, the degree of sulfation 
of the heparan sulfate or the presence of 
groups generated by specific sulfotrans- 
ferases is important (6, 24). In most cases, 
carbohydrates serve as attachment factors 
that do not trigger conformational changes. 

Simian virus 40 (SV40) and polyoma vi- 
rus use gangliosides (GM1, GDI a, and 
GTlb) during attachment (25, 26). In poly- 
oma virus, the disaccharide sialic acid-a2,3- 
galactose present in these gangliosides binds 
to a shallow pocket 
in the major capsid 
protein, VP1 (<?). 

In some virus sys- 
tems, the lectin is locat- 
ed on the cell surface 
and the carbohydrate li- 
gand is located on the 
virus. HJV-1, Sindbis 
virus, Dengue virus, 
human cytomegalovi- 
rus, hepatitis C virus, 
and Ebola virus all bind 
to cell surface lectins, 
such as DC-SIGN and 
L-SIGN, through high 
mannose N-linked gly- 
cans in their envelope 
glycoproteins (27-32), 



Endocytosis 

Many animal viruses 
rely on the cell's en- 
docytic machinery for 
productive infection. 
Figure 2 shows sche- 
matically the endo- 
cytic entry pathways 
of three viruses that 
replicate in the nucle- 
us: adenovirus 2, in- 
fluenza A, and SV40. 

One of the advan- 
tages of endocytic en- 
try is that viruses are 
given a "free ride" deep 
into the cytoplasm. 
This is because endo- 



cytic vesicles are designed to traverse the 
barriers imposed by the cortical cytoskeleton 
and the highly structured cytoplasm. Depend- 
ing on the virus, incoming virus particles can 
be seen entering endosomal structures, lyso- 
somes, the endoplasmic reticulum (ER), and 
occasionally the Golgi complex (33, 34). 

A further advantage of endocytosis is that 
incoming viruses are exposed to compart- 
mental environments that differ from the ex- 
tracellular milieu. For many viruses, the 
mildly acidic pH in endosomes provides an 
essential cue that triggers penetration and 
uncoating (35-37). Penetration from intracel- 
lular vacuoles also has the advantage of leav- 
ing no viral glycoproteins exposed on the cell 
surface for immune detection. Finally, if pen- 
etration is lytic — as is the case for adenovi- 
ruses — endosomal membrane lysis is likely 
to be less damaging to the cell than lysis of 
the plasma membrane. 

One risk during endocytosis is possible de- 
livery to the lysosome, a degradative compart- 
ment and a dead-end for most viruses. This is 
why viruses have carefully adjusted the thresh- 
old pH for activation to match that of early (pH 
6 to 6.5) or late endosomes (pH 5 to 6) (38, 39). 
That early and late endosomes constitute distinct 
entry sites has recently been confirmed with 
dominant negative mutants of endosome-asso- 
ciated small guanosine triphosphatases (GT- 
Pases) (40). A constitutive! y inactive mutant 
of rab5 (early endosome) blocked the entry of 
both Semliki Forest virus (pH 6.2) and influ- 
enza virus (pH 5.4), whereas the correspond- 
ing rab7 mutant (late endosomes) only 
blocked influenza virus entry. 

The progress of individual virus particles 
through endocytic compartments can be tracked 
with real-time video microscopy (41-44). Indi- 
vidual fluorescent virus particles can be ob- 
served to bind to the cell surface, diffuse along 
the membrane, get trapped in coated pits or 
caveolae, enter by endocytosis, move along 
microtubules, and so on. With the use of 
specific fluorescent dyes, the acidification 
of virus particles and the fusion of the viral 
envelope with cellular membranes can be 
monitored. 

Lipid Raft-Mediated Endocytosis of 
Viruses 

SV40 and some other viruses choose endocytic 
pathways that bypass clathrin-mediated endocyto- 
sis. One of these involves caveolae, flask-shaped 
indentations of the plasma membrane enriched in 
cholesterol and sphingolipids, caveolins, and sig- 
naling factors (45-48). Although generally immo- 
bile, caveolae are known to support the internal- 
ization of certain physiological ligands (49-51). 

After binding to the GM1 ganglioside, SV40 
moves laterally along the plasma membrane un- 
til trapped in a caveolae (42, 52) (Fig. 2). Entry 
proceeds through a caveolar vesicle, the caveo- 
some, and then the smooth ER. Penetration into 
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the cytosol is thought to occur in the ER, after 
which the virus enters the nucleus by way of the 
nuclear pore complexes (NPCs). This pathway 
has many interesting and unexpected features 
[for reviews, see (53-56)]. Caveolae are also 
used by the polyoma virus in some cell types, 
papilloma viruses, and Echo 1 virus (57-60). 

In addition to the caveolae, it is evident that 
cells have other clathrin-independent pathways 
of endocytosis (55, 61). These noncaveolar, 
lipid raft- dependent pathways are still poorly 
characterized. They may serve as a primary 
entry route for viruses such as polyoma (59, 62) 
and as an alternative entry route for SV40 in 
cells that lack caveolae (63). 

The presence of multiple pathways and pre- 
viously unobserved endocytic organelles chal- 
lenges established assumptions about the entry 
of many viruses. Cellular processes can be more 
complex than anticipated, which is illustrated by 
the recent observation that influenza virus, 
which was thought to enter by clathrin-coated 
pit endocytosis, can infect cells in which clath- 
rin-coated vesicle transport is blocked (64). 

Penetration 

Penetration of enveloped viruses occurs by 
membrane fusion catalyzed by fusion pro- 
teins in the viral envelope. The machinery 
involved is rather simple, at least when com- 
pared to the apparatus needed for intracellular 
membrane-fusion events. One reason for sim- 
plicity is that viral fusion factors are used 
only once. Fusion activity is triggered by 
cues in the form of receptor binding or low 
pH (as mentioned above). They induce, as a 
rule, irreversible conformational changes. 

Viral fusion factors are currently divided 
into two main classes. Type I factors consist 
of homotrimeric spike glycoproteins in which 
the subunits are joined by long coiled coils. 
They are membrane proteins that are synthe- 
sized as precursor proteins, folded, and as- 
sembled into oligomers in the ER. In transit 
through the secretory pathway, they undergo 
postsynthetic proteolytic cleavages that ren- 
der them conformational ly metastable and fu- 
sion competent (4, 65). Their metastable state 
allows cooperative conversion into a lower 
energy conformation. When triggered, the re- 
sulting conformation exposes hydrophobic 
fusion sequences that insert into the target 
membrane. The released free energy is used 
to force the membranes closer together in a 
focal site, resulting in fusion. Influenza HA is 
the best studied in this class. For more infor- 
mation about this well-studied process, see 
recent reviews (5, 7, 66, 67). 

Type II fusion proteins occur in flavivi- 
ruses and in alpha viruses (68, 69). They 
have internal fusion sequences and are syn- 
thesized and assembled as heterodimers 
with another membrane protein. When ex- 
posed to low pH, a change occurs in qua- 
ternary structure; the fusion subunits disso- 



ciate from their partners and join together 
as active homotrimers (69-71). 

Membrane fusion is an elegant and effective 
way to deliver viral capsids into the cytosol. 
No macromolecular assemblies need to pass 
through a hydrophobic membrane barrier. The 
underlying principle is the same as in intracel- 



lular membrane traffic; the viral envelope is a 
* transport vesicle," and the capsid is the cargo. 

Because nonenveloped viruses do not 
have a membrane, they penetrate either by 
lysing a membrane or by creating a porelike 
structure in a membrane. Although details 
remain obscure, it is clear that penetration of 
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Fig. 2. Entry of adenovirus, influenza virus, and SV40 into their host cells. (A) Entry of adenovirus 
2. Adenoviruses are non-enveloped DNA viruses with an icosahedral capsid composed of hexon 
proteins, penton base complexes, and homotrimeric fibers. The entry process includes the following 
steps (82-84): (1) The fibers bind to the CAR. (2) Fibers dissociate, and the pentons expose RCD 
sequences that bind to integrins. (3) Clustering the integrins activates phosphatidyl nositol-3-OH 
kinase, Rac, and cdc42 ( resulting in cytoskeleton rearrangements. (4) The virus-integrin complex 
internalizes in clathrin-coated vesicles. (5) The virus is transported to early endosomes. (6) At a pH 
of 6, the penton base undergoes a conformational change and the virus escapes into the cytosol 
by endosomal lysis. (7) The virus particles bind dynein and are transported along microtubules to 
the NPC (8) Capsids dock at the NPC protein CAN/Nup214, disassemble, and (9) release the viral 
DNA for transport through the pore. (B) Entry of influenza virus A. Influenza A is an enveloped 
negative-stranded RNA virus. Entry proceeds through endosomes by means of the following steps 
(37, 85, 708, 709): (1) Viral HA binds to sialic acid-containing glycoproteins or glycolipids. (2) 
Viruses internalized by clathrin-coated pits are transported by way of the early endosomes to the 
late endosomes. (3) Low pH activates the M2 protein ion channel in the viral membrane, allowing 
the internal capsid to be acidified. (4) HA-mediated fusion occurs between the viral envelope and 
the endosomal membrane triggered by low pH (~5.5). (5) Viral ribonucleoproteins (RNPs) separate 
from each other, bind importin (3, and move through the NPC and (6) into the nucleus. (C) Entry 
of SV40. SV40 is a non-enveloped DNA virus that replicates in the nucleus. Its entry steps are 
partially known and include the following (53-56): (1) SV40 binds to gangliosides in the plasma 
membrane, and (2) is included into lipid rafts. (3) After sequestration into caveolae, activation of 
tyrosine kinases induces local phosphorylation that results in F-actin dissociation, actin accumu- 
lation around the caveolae, dynamin 2 recruitment, and activation of caveolar endocytosis. (4) 
Virus-containing caveolae are internalized and delivered to caveosomes. (5) The virus induces 
formation of caveolin-free vesicles and (6) is transported by dynein by means of microtubules to 
the smooth ER. (7) The virus penetrates the cytosol from the ER, and (8) nuclear import occurs 
through NPCs. 
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non-enveloped viruses also involves cooper- 
ative changes in virus particles triggered by 
receptor binding or low pH (16, 72, 73). The 
viruses become more hydrophobic and inter- 
act with membranes directly. 

In adenoviruses, the penton base becomes 
lytic at low pH, and the virus is released from 
ruptured endosomes intact with the rest of 
endosomal contents (74, 75). A variation of 
the same theme is used by reoviruses, in 
which a hydrophobic peptide in capsid pro- 
tein uJ is exposed, making the capsid lytic 
(76). In the case of 
picorna viruses, re- 
ceptor binding to the 
canyon leads to loss 
of the VP4 protein 
and exposure of the 
myristic acid group 
at the N terminus of 
VPL The virus is 
thought to sink into 
the bilayer and form 
a protein-lined "chan- 
nel' * through which 
the viral RNA can en- 
ter the cytosol (72). 

Intracellular 
Transport 

After penetration, the 
genome of most virus- 
es must be transported 
either to the nucleus 
or to specific cytoso- 
lic membranes. Dif- 
fusion in the crowded 
and highly structured 
cytosol is not efficient 
given the large dimen- 
sions of most capsids 
and the long distances 
they must travel (77, 
78). To move inside 
the cell, incoming vi- 
ruses often exploit the cytoskeleton and cellular 
motor proteins. As recently reviewed (77), 
there are two main ways to do this; the viruses 
can allow endocytic vesicles to ferry them as 
passive lumenal cargo, or the penetrated cap- 
sid can itself interact with the relevant motors. 
In the latter case, a capsid protein binds and 
interacts with the cellular factors. Transport to 
the nucleus generally involves the minus-end- 
directed microtubule-dependent motor dynein 
and its adaptor protein, dynactin. 

Actin can also play a role in virus entry. 
Because it is rich in actin filaments, the cor- 
tical cytoskeleton poses a barrier against the 
inward movement of capsids and viruses that 
enter directly through the plasma membrane 
(79). To overcome the barrier, some viruses, 
such as SV40, activate tyrosine kinase- 
induced signaling cascades that lead to the 
local dissociation of filamentous actin (52). 



Actin has also been found to promote ves- 
icle budding at the cell surface and to propel 
virus-containing endocytic vesicles through 
the cytoplasm (44, 52). The release of bacu- 
lovirus from endosomes induces polymeriza- 
tion of actin to one end of the baculovirus capsid, 
which promotes capsid movement toward the nu- 
cleus (80). One of the capsid proteins (p78/83) has 
homology with the mammalian Wilkott-Aldrich 
syndrome protein (WASP) and is thus likely to 
interact with Arp2/3, a protein complex involved 
in actin assembly (81). 

Signaling During 
Virus Entry 

In recent years, it has 
become clear that the 
information exchange 
between incoming vi- 
ruses and the host cell 
is not limited to cues 
given to the virus by 
the cell. For many vi- 
ruses, it takes the form 
of a two-way dialogue 
in which the virus takes 
advantage of the cell's 
own signal transduc- 
tion systems to trans- 
mit signals to the cell 
(82, 83). These signals 
induce changes that 
facilitate entry, pre- 
pare the cell for in- 
vasion, and neutral- 
ize host defenses. 

The signals are us- 
ually generated at the 
cell surface through the 
virus binding to re- 
ceptors that are them- 
selves signaling mole- 
cules or modulators 
(e.g., growth factor re- 
ceptors, chemokine re- 
ceptors, integrins, and gangliosides) and can be 
activated by virus binding or virus-induced clus- 
tering. SV40 and adenovirus family C members 
base their entry strategy entirely on signaling 
(Fig. 2). By activating tyrosine kinases in caveo- 
lae, SV40 triggers the normally dormant, ligand- 
inducible caveolar endocytosis pathway. A sec- 
ond signal is induced in the caveosome to 
induce caveosome-to-ER transport (55). 

By clustering its entry receptors, adenovirus 
2 activates a variety of protein kinases, phospha- 
tidylinositol-3-OH kinase, and small GTPases 
(82-84). Major changes occur in the cell surface 
dynamics, and in microtubule-mediated trans- 
port, which promote internalization, penetration, 
and intracellular traffic of the incoming virus. 
Human cytomegalovirus, a herpes virus, acti- 
vates several signaling pathways through the 
interaction between envelope glycoprotein B and 
the epidermal growth-factor receptor (85). 



Nuclear Import 

The nucleus provides excellent "service" func- 
tions for virus replication, ranging from DNA 
and RNA polymerases to RNA-splicing and 
-modifying enzymes. However, the nucleus is 
difficult to enter and exit, and viruses must again 
rely on cellular mechanisms [for reviews, see 
(56, 86, 87)]. 

In interphase cells, the import of virus and 
viral capsids occurs through the NPCs (Fig. 3). 
For targeting, viruses use nuclear localization 
signals and cytosolic import receptors. H1V-1 
and adenovirus bind to importin 7, and human 
papilloma viruses 1 1 and 45, hepatitis B vims 
capsids, and influenza virus nucleoproteins are 
known to bind importins a and (3 (88-92). 

Recent studies show that the upper limit in 
particle diameter for transport through the 
NPC is 39 nm (93). The smallest viruses and 
capsids, as well as helical capsids in extended 
form, can therefore be imported into the nu- 
cleus without disassembly or deformation. 
Among icosahedral particles, parvoviruses 
(diameter 18 to 24 nm) and the capsids of 
hepatitis B virus (diameter 36 nm) are prob- 
ably imported intact (94). The capsids of 
hepatitis B virus are uncoated in the basket on 
the nuclear side of the pore complex (95). 

Larger viruses and capsids must either be 
deformed or disassemble to allow the genome 
to pass through the NPC. Adenovirus 2 binds 
to NUP214/CAN, a protein located at the base 
of the filaments extending into the cytosol from 
the nuclear pore (94) (Fig. 2). Interaction of 
the bound virus with histone HI and import- 
ins p and 7 induces disassembly of the virus 
capsid. The viral DNA thus liberated is im- 
ported into the nucleoplasm. The HSV-1 cap- 
sids (diameter 120 nm) also bind to the NPCs 
in an importin p- dependent manner, but the 
DNA is released through one of the icosahe- 
dral vertices of the capsid without further 
capsid disassembly (96, 97). The empty cap- 
sid stays bound to the pore complex for hours 
after the DNA has been ejected (98). 

With the exception of lentiviruses such as 
FDV-1, retroviruses do not use the NPCs for 
nuclear entry. Preintegration complexes can only 
enter the nucleus during mitosis when the nucle- 
ar envelope is temporarily absent, limiting their 
infectivity to dividing cells. The molecular basis 
for nuclear uptake of lentivirus preintegration 
complexes is not entirely clear, but there is evi- 
dence that three viral proteins are important: the 
matrix protein, the integrase enzyme, and the 
small accessory protein vpr. In addition, it is 
reported that a short triple-stranded overlap in 
the provirus DNA may be essential at least in 
some cells. For more detailed discussion of this 
topic, see (87, 99, 100). 

Direct CeLl-to-Cell Transfer with and 
Without Virus Infection 

Finally, infection can be transmitted directly 
from cell to cell. Viruses such as measles, which 




Herpes 

Baculo Aden0 

Fig. 3. Import of viruses and capsids into the 
nucleus. Four different ways are shown by 
which viruses use the NPCs for import. (Left) 
The genome of influenza virus is contained 
within eight subgenomic RNAs that are individ- 
ually packaged into ribonucleoprotein complex- 
es. Once these are released into the cytosol 
after viral membrane fusion, they interact with 
importin p and are imported into the nucleus. 
They are small enough to pass through the 
NPC (Middle left) The capsids of HSV-1 bind 
to the cytosolic side of the pore, a vertex in 
the capsid is opened, and the DNA passes 
through the pore leaving behind an intact 
empty capsid. (Middle right) Adenoviruses 
also bind to the pore but then undergo dis- 
assembly. The viral particles dock to the NPC 
protein CAN/Nup214 and disassemble with 
the help of histone HI. The viral DNA with 
terminal covalently bound proteins is re- 
leased and enters the nucleus. (Right) Parvo- 
viruses and the capsids of hepatitis B virus 
are small enough to pass through the pore in 
intact form. Uncoating occurs in the nucleus. 
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express in the plasma membrane envelope pro- 
teins that are fusogenic at neutral pH, often 
induce fusion of infected cells with uninfected 
neighboring cells. Thus, the viral genes pass 
directly from cell to cell, and infection occurs 
without the involvement of viral particles. 

In an alternative strategy for cell-to-cell 
transfer, extracellular vaccinia virus particles 
are practically pushed into an adjacent cell by 
localized actin polymerization on the inside 
of the infected cell (10 J). The polymerization 
of actin is triggered by a viral protein that 
recruits the plasma membrane WASP, Arp2/ 
3, and other cellular factors that promote 
actin polymerization. 

The observation that HIV-1 and other len- 
tiviruses in some cell types bud into endo- 
some-like vacuoles has raised the possibility 
that virus particles can be released by the 
infected cell in a polarized fashion by 
means of regulated secretion (J 02). HIV-1 
particles may, in this case, be directly 
transmitted from a macrophage to a T cell 
as part of the normal cell-to-cell interac- 
tion. There is also evidence that dendritic 
cells, without getting infected, may concen- 
trate HIV-1 in regions of cell-to-cell con- 
tact and thus promote infection (103, 104). 

Perspectives 

Viruses continue to pose a serious threat to 
the life and well-being of humans, animals, 
and other organisms. In the past, the search 
for antiviral drugs was focused mainly on 
replicases and other viral enzymes. That 
entry and uncoating can serve as a target 
for antivirals has recently been demonstrat- 
ed by new inhibitors against influenza 
neuraminidase and the fusion protein of 
HIV-1 (105, 106). With our information 
rapidly reaching the molecular level, it may 
be possible to develop new approaches to 
block the entry of viruses (107). 

Taking advantage of their capacity to enter 
cells and express their genes, viruses are used as 
vectors for the expression of recombinant pro- 
teins in cells and for the production of proteins. 
In gene therapy, viruses are used to deliver genes 
to cells and tissues. Although there are still many 
problems with this form of therapy, more infor- 
mation about virus receptors and entry mecha- 
nisms will help to make viruses safer and more 
useful as therapeutic tools. 

Analysis of viruses has traditionally 
provided insight into basic principles of 
gene expression, molecular biology, and 
cancer. Today, viruses are still powerful 
tools in many areas of research, including 
cell biology, molecular biology, and immu- 
nology. Careful analysis of early virus-cell 
interactions is likely to extend our still 
incomplete understanding of plasma mem- 
brane dynamics, membrane fusion, endo- 
cytic pathways, and many other aspects of 
cell function. 
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REVIEW 



Bacterial Invasion: The Paradigms of 
Enteroinvasive Pathogens 

Pascale Cossart 1 * and Philippe J. Sansonetti 2 * 



Invasive bacteria actively induce their own uptake by phagocytosis in normally 
nonphagocytic cells and then either establish a protected niche within which they 
survive and replicate, or disseminate from cell to cell by means of an actin-based 
motility process. The mechanisms underlying bacterial entry, phagosome matura- 
tion, and dissemination reveal common strategies as well as unique tactics evolved 
by individual species to establish infection. 



To establish and maintain a successful infec- 
tion, microbial pathogens have evolved a va- 
riety of strategies to invade the host, avoid or 
resist the innate immune response, damage 
the cells, and multiply in specific and nor- 
mally sterile regions. Based on their capacity 
to deal with these critical issues, bacteria can 
be grouped in different categories. Here we 
review the so-called invasive bacteria, i.e., 
bacteria that are able to induce their own 
phagocytosis into cells that are normally 
nonphagocytic. We focus on the tactics used 
by enteroinvasive bacteria to trigger their 
uptake by epithelial cells and discuss their 
intracellular life-styles. The mechanisms of 
entry and life-styles of other intracellular patho- 
gens have been reviewed elsewhere (1-4). 

During phagocytosis by phagocytes, 
bacteria play a passive role. In contrast, 
during bacterial-induced phagocytosis, the 
bac- 
terium is the key and active player in the 
complex interplay between the invading 
microbe and the host cell (5). Another im- 
portant component is the cytoskeleton, 
whose plasticity is critical and optimally 
exploited. After internalization, some bac- 
teria remain in a vacuole, in which they 
replicate. They prevent the normal matura- 
tion and trafficking of the phagosome and 
impair its normal bacteriolytic activities. 
Other bacteria escape from the vacuole and 
replicate in the cytosol. In some cases, they 
also move and disseminate by means of an 
actin-based motility process. 
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How the cell senses the bacterial intruders 
and adjusts its transcription and translation 
programs to its new life with a parasite is 
an important issue. Apoptosis and anti- 
apoptosis, as well as cell cycle- and inflam- 
mation-related signaling pathways, are repro- 
grammed after infection to help the cell 
to survive the stress induced by the infection. 

The success of an infection depends on the 
messages that the two players — the bacterium 
and the cell — send to each other. At each step of 
the infectious process, the bacterium exploits the 
host cell machinery to its own profit. 

Entry Mechanisms 

To enter nonphagocytic cells such as intesti- 
nal epithelial cells, some microbial pathogens 
express a surface protein able to bind eukary- 
otic surface receptors often involved in cell- 
matrix or cell-cell adherence. Expression of 
this protein leads to the formation of a vacu- 
ole that engulfs the bacterium through a "zip- 
pering" process in which relatively modest 
cytoskeletal rearrangements and membrane 
extensions occur in response to engagement 
of the receptor. The initial interactions be- 
tween the bacterial protein and its receptor 
trigger a cascade of signals, including protein 
phosphorylations and/or recruitment of adap- 
tors and effectors, and activation of cytoskel- 
eton components that culminate in phagocyt- 
ic cup closure and bacterial internalization. 
Other pathogens have devised mechanisms to 
bind a protein that can itself act as a bridge 
between the bacterium and a transmembrane 
receptor, which then mediates the entry pro- 
cess. Finally, pathogens can also bypass the 
first step of adhesion and interact directly 
with the cellular machinery that regulates the 
actin cytoskeleton dynamics by injecting ef- 
fectors through a dedicated secretory system. 
The effector molecules cause massive cy- 
toskeletal changes that trigger the formation 



of a macropinocytic pocket, loosely bound to 
the bacterial body. 

The Zipper Mechanism of Entry 

Yersinia pseudotuberculosis and Listeria 
monocytogenes both harness transmembrane 
cell-adhesion proteins as receptors for entry 
into mammalian cells (Figs. 1A and 2A). 
Entry can be divided into three successive 
steps: (i) Contact and adherence. This step is 
independent of the actin cytoskeleton and 
involves only the bacterial ligand and its 
receptor. It leads to receptor clustering, (ii) 
Phagocytic cup formation. This step is trig- 
gered by the transient signals occurring 
after formation of the first ligand-receptor 
complexes and propagating around the in- 
vading microbe. These signals induce actin 
polymerization and membrane extension, 
(iii) Phagocytic cup closure and retraction, 
and actin depolymerization. 

The Yersinia outer-membrane protein in- 
vasin binds to integrin receptors that have the 
p, chain and are normally implicated in ad- 
herence of cells to the extracellular matrix 
(6). Invasin does not possess the RGD motif 
present in fibronectin, but both proteins inter- 
act with integrins by a structurally similar 
domain. Invasin has a higher affinity for in- 
tegrins and can oligomerize, inducing inte- 
grin clustering and efficient downstream sig- 
naling. The cytoplasmic tail of the chain, 
which normally interacts with the cytoskele- 
ton in focal complexes of adhesion plaques, 
is critical for entry, but surprisingly, alter- 
ations of this domain that impair interaction 
with the cytoskeleton increase internaliza- 
tion. Thus, a lower affinity of the integrin for 
the cytoskeleton could allow higher mobility 
of the receptors in the membrane. 

Activation of integrins leads to tyrosine- 
phosphorylation events required for entry. 
The tyrosine kinase FAK (focal adhesion ki- 
nase) is the most attractive candidate for 
transmitting a signal from clustered integrins 
to the cytoskeleton, because the 0j -chain cy- 
toplasmic domain binds to FAK, and domi- 
nant-inhibitory mutations in FAK strongly 
impair invasin-mediated uptake (7). Src, 
phosphoinositide 3-kinase (PI 3-kinase), and 
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ABH 

A carbohydrate-reactive, photoactivatable cross-linker. 
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ABH 

M.W. 177.16 
Spacer Arm 11.9 A 

Features/Benefits: 

• Hydrazide group of ABH reacts with c/s-diol containing 
carbohydrates, proteins or other molecules, after the 
carbohydrates have been oxidized to form aldehydes 

• Arylazide end of ABH reacts nonspecifically with 
proteins or other molecules upon UV photolysis 



Cfoss-linhino Reaoenh 



• Reactive groups: hydrazide and phenyl azide 

• Reactive toward: oxidized carbohydrate and amino groups 

• Literature referen.ce #1 (page 213) 



| Ordering Information I 


Product # Description 


Pkg. Size 


U.S. 
Price 


21510ZZ ABH 

(p-Azidobenzoyl Hydrazide) 


50 mg 
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AEDP 



Applications in reversible immobilization and cross-linking. 




Cl" H|N 

AEDP 

M.W. 217.74 
Spacer Arm 9.5 A 

Features/Benefits: 

• Cleavable amino acid that can be used as a spacer 
arm in conjugation schemes 

• Reversible immobilization application 

• Cleavable by DTT, 2-mercaptoethylamine orTCEP 

• Affects incorporation of amine or carboxyl groups into 
proteins/peptides via use of cross-linking agents 



AMAS 

A short aliphatic spacer for amine-sulfhydryl cross-linking. 




AMAS 

M.W. 252.18 
Spacer Arm 4.4 A 

Features/Benefits: 

• Non-cleavable, close proximity cross-linker 

• Aliphatic spacer has low potential for eliciting an 
immune response 

• NHS ester end couples with primary amines at 
PH 7-9 to form stable amide bonds 



•The amine end of the linker can be reacted with 
amine-reactive acylation agents, yielding amide bonds 

• Use with water-soluble carbodiimide (EDC) to conjugate 
AEDP with amines or carboxylates on target molecules 

• Reactive groups: mine and carboxyl 

• Reactive toward: NHS esters/Sulfo-NHS esters and 
amines/hydrazides via EDC activation 

» Literature reference #'s 55, 56 (page 214) 



| Ordering Information 


Product # Description 


Pkg. Size 


U.S. 
Price 


22101ZZ AEDP 

(3-[(2-Aminoethyl)dithjo]propionic acid«HCI) 


50 mg 
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• Maleimide reacts with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 

• Functional homolog of BMPS, GMBS and EMCS 
•Water-insoluble 

• Reactive groups: maleimide and NHS ester 

• Reactive toward: sulfhydryl and amino groups 

• Literature reference #'s 57, 58 (page 214) 
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Product # 
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Description 
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(A/-[g-Maleimidoacetoxy]succinimide ester) 



Pkg. Size 



U.S. 
Price 



50 mg 
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'See also: GMBS and EMCS and their sulfonated analogs 
Sulfo-GMBS, Sulfo-EMCS, Sulfo-KMUS. 
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ANB-NOS 

Nitro group on the phenyl azide shifts the optimal wavelength 
for photolysis to 320-350 nm, which helps to maintain the 
biological integrity of proteins and nucleic acids. 




Features/Benefits: 

• Reactive groups: NHS ester and nitrophenyl azide 

• Reactive toward: amino groups 

• Literature reference #2 (page 213) 



ANB-NOS 

M.W. 305.20 
Spacer Arm 7.7 A 



I Ordering Information j 






U.S. 


Product # Description 


Pkg. Size 


Price 


21451ZZ ANB-NOS* 


50 mg 


$ 45 


(A/-5-Azido-2-nitrobenzoyloxysuccinimide) 







"Sulfonated, water-soluble analog also available; see SAND. 



APDP 



A radioiodinatable, cieavable, sulfhydryl-reactive and 
photoreactive cross-linker. 





APDP 

M.W. 446.55 
Spacer Arm 21.0 A 



Features/Benefits: 

• APDP reacts first with a free sulfhydryl-containing ligand 
by disulfide exchange between the cross-linker and a free 
sulfhydryl on the ligand (often from cysteine residues) 

• Reactive groups: pyridyldisulfide and hydroxyphenyl azide 

• Reactive toward: sulfhydryl and amino groups 

• Literature reference #3 (page 213) 



| Ordering Information ! 






U.S. 


Product # Description 


Pkg. Size 


Price 


27720ZZ APDP 


50 mg 


$199 


(/V-[4-(p-Azidosalicy1amido)butyl]-3'- 






(2'-pyridyldithio)propionamide) 







3-3 



APG 



Reacts selectively with arginine residues at pH 7-8. 




APG 

M.W. 193.16 
Spacer Arm 9.3 A 



Features/Benefits: 

• Reactive groups: phenyl azide and phenylglyoxal 

• Reactive toward: amino groups and guanidium side 
chain of arginine 

• Literature reference #4 (page 213) 



I Ordering Information 1 






U.S. 


Product # Description 


Pkg. Size 


Price 


20108ZZ APG 


50 mg 


$ 81 


(p-Azidophenyl glyoxal monohydrate) 
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Cross- linhino ReaoenTs 



ASBA 



A photoreactive, iodinatable and carboxyl-reactive cross-linker. 




ASBA 

M.W. 249.27 
Spacer Arm 16.3 A 

Features/Benefits: 

• Amine terminal of ASBA will react with a carboxylic acid 
in the presence of a dehydrating reagent, such as EDC, 
to form an amide bond; amide product is then ready 
for iodination and subsequent photo-coupling 



> Reactive groups: amine and hydroxy phenyl azide 
» Reactive toward: carboxyl groups and amines 
• Literature reference #5 (page 213) 



I Ordering Information j 


Product # Description 


Pkg. Size 


U.S. 
Price 


21512ZZ ASBA 

(4-[p-Azidosalicylamido]butylamine) 


50 mg 


$ 95 



BASED 



Contains two photoreactive phenyl azides for nonspecific 
conjugation of proteins. 




BASED 

M.W. 474.52 
Spacer Arm 34.7 A 

Features/Benefits: 

• Phenyl azides of BASED are iodinatable, so each protein 
will have a radioactive label after the photolysis reaction 



■ Because BASED reacts nonspecifically with proteins and 
other biomolecules, it is useful when a ligand contains 
neither amines nor sulfhydryls in a location appropriate 
to obtain the desired conjugate 

• Cleavable by reducing agents 

• Reactive groups: hydroxy phenyl azide (homobifunctional) 

• Reactive toward: amines 

• Literature reference #6 (page 213) 



[ Ordering Information ! 


Product # Description 


Pkg. Size 


U.S. 
Price 


21564ZZ BASED 

(B/s-[p-(4-azidosalicylamido)ethyl] disulfide) 


50 mg 


$199 



BMB 



A non-cleavable, homobifunctional, sulfhydryl-reactive 
cross-linker with a four carbon spacer. 




■ Non-cleavable analog of BMDB 
» Water-insoluble 

• Reactive groups: maleimide (homobifunctional) 
» Reactive toward: sulfhydryl groups 

• Literature reference #'s 7, 59-62 (pages 213-214) 



BMB 


1 Ordering Information 






M.W. 248.23 
Spacer Arm 10.9 A 


Product # Description 


Pkg. Size 


U.S. 
Price 


Features/Benefits: 

• Intermediate length cross-linker 

♦ Maleimides react with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 


22331ZZ BMB* 

(1,4-5/s-maleimidobutane) 


50 mg 


$ 65 


'See also: BMDB, BMOE, BMH, DTME, HBVS. 







• 800-874-3723 

BMDB 

A sulfhydryl-reactive homobifunctional cross-linker 
cleaved by periodate. 




0 

BMDB 

M.W. 280.23 
Spacer Arm 10.2 A 



Features/Benefits: 

• S/s-maleimido, wc-diol-containing agent 

• Cross-links sulfhydryl-containing compounds under 
mild conditions 



• Specific reactivity with -SH groups at pH 6.5-7.5 

• Cleavage with sodium periodate preserves indigenous 
S-S bonds and tertiary structure 

• Cross-links reversed by treatment with 15 mM 
sodium periodate 

• Reactive groups: maleimide (homobifunctional) 

• Reactive toward: sulfhydryl groups 

• Literature reference #'s 59-62 (page 214) 



[Ordering Information 


Product # Description 


Pkg. Size 


U.S. 
Price 


22332ZZ BMDB* 

(1,4fl/s-Maleimidyl-2,3-dihydroxybutane) 

'European Patent i 9710209 


50 mg 


$ 69 



BMH 

Mili irreversible sulfhydryl-to-sulfhydryl cross-linking agent. 

BMH 

M.W. 276.29 
Spacer Arm 16.1 A 

Features/Benefits: 

• BMH permits irreversible cross-linking of sulfhydryl- 
containing compounds, using mild conditions 

• Maleimides react specifically with sulfhydryl groups 
at pH 6.5-7.5 



• Water-insoluble; non-cleavable 

• Reactive groups: maleimide (homobifunctional) 

• Reactive toward: sulfhydryl groups 

• Literature reference #7 (page 213) 



Ordering Information 


Product # Description 


Pkg. Size 


U.S. 
Price 


22330ZZ BMH* 

(fl/s-Maleimidohexane) 


50 mg 


$ 54 



*See also: BMOE, BMB, BMDB, OWE, HBVS. 



BMOE 

Short spacer sulfhydryl-to-sulfhydryl cross-linking. 




BMOE 

M.W. 220.18 
Spacer Arm 8.0 A 

Features/Benefits: 

• Shortest Z?/s-maleimide cross-linker available for close 
proximity cross-linking 

• Non-cleavable; water-insoluble 



• Maleimides react with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 

• C 2 homolog of BMH 

• Reactive groups: maleimide (homobifunctional) 

• Reactive toward: sulfhydryl groups 

• Literature reference #7 (page 213) 



[ Ordering Information 


Product # Description 


Pkg. Size 


U.S. 
Price 


22323Z2 BMOE* 

(5/s-Ma!eimidoethane) 


50 mg 


$ 65 



•See also: BMH, BMB, BMDB. 



Cross- linhino Beaoenfs 



BMPA 

Modifies sulfhydryl groups to carboxyl groups for the 
preparation of peptide-protein conjugates. 



0 0 




M.W. 169.13 
Spacer Arm 5.9 A 

Features/Benefits: 

• Sulfhydryl modification agent that creates a terminal -COOH 
group at -SH sites in proteins and other molecules 

• Maleimide reacts with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 



• Makes -COOH groups available for coupling via EDC activation 

• Non-cleavable 

• Use as protein modification agent or cross-linker 

• Reactive groups: maleimide and carboxyl 

• Reactive toward: sulfhydryl groups and amines/hydrazides 

• Literature reference #'s 5, 63, 64 (pages 213-214) 



Ordering Information j 


Product # Description 


Pkg. Size 


U.S. 
Price 


22296ZZ BMPA 

(AZ-p-Maleimidopropionic acid) 


100 mg 


$ 29 



BMPH 

Water-soluble, heterobifunctional cross-linker facilitates 
glycoconjugate formation. 



o 




BMPH 

M.W. 297.19 
Spacer Arm 8.1 A 



Features/Benefits: 

• Sulfhydryl-reactive and carbonyl-reactive 
heterobifunctional reagent 

• Maleimide reacts with -SH groups at pH 6.5-7.5, 
forming stable thioether linkages 



• Water-soluble; non-cleavable 

• Useful for covalently coupling to oxidized carbohydrate 
moieties in glycoproteins and other glycoconjugates 

• Reactive groups: maleimide and hydrazide 

• Reactive toward: sulfhydryl groups and carbonyl 
(aldehyde)/carboxyl groups 

• Literature reference #84 (page 214) 



| Ordering Information 


Product # Description 


Pkg. Size 


U.S. 
Price 


22297ZZ BMPH* 

(/V-[p-Maleimidopropionic acid] hydrazide»TFA) 

#C»_ _ 1 mm n aa——.. — — — .. 


50 mg 


$ 72 



'See also: M 2 C,H, MPBH, PDPH. 



BMPS 



Short spacer amine-to-sulfhydryl cross-linking agent for 
the preparation of immunoconjugates. 




BMPS 

M.W. 266.21 
Spacer Arm 6.9 A 

Features/Benefits: 

• C 3 homolog of aliphatic spacer series (AMAS, GMBS and 
EMCS) with identical reactivities 

• NHS ester end couples with primary amines at pH 7-9 to 
form stable amide bonds 

• Non-cleavable; water-insoluble 



• Maleimide reacts with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 

• Aliphatic spacer has low potential for eliciting an immune 
response, ensuring that the primary response to the 
antigen-carrier protein is not diluted by a response against 
a determinant on the cross-linker 

► Reactive groups: maleimide and NHS ester 

► Reactive toward: sulfhydryl and amine groups 

» Literature reference #'s 32, 43 (pages 213-214) 



| Ordering Information | 


Product # Description 


Pkg. Size 


U.S. 
Price 


22298ZZ BMPS* 

(AHp-Maleimidopropyloxy] succinimide estt 


50 mg 


$ 70 



• 800-874-3723 

BM[PEO] 3 

Eight-atom polyether spacer reduces potential for 
conjugate precipitation in sulfhydryMo-sulfhydryl 
cross-linking applications. 




BW1[PE0] 3 
M.W. 308.29 
Spacer Arm 14.7 A 

Features/Benefits: 

• Long sulfhydryl-reactive, homobifunctional cross-linker 

• Maleimides react with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 



• Non-cleavable; water-soluble 

• Polyethylene oxide (PEO) cross-bridge provides increased 
water solubility, reducing the potential for cross-linker- 
caused precipitation of conjugates 

• Ideal for small molecule or peptide conjugations 

• Reactive groups: maleimide (homobifunctional) 

• Reactive toward: sulfhydryl groups 



I Ordering Information ] 


Product # Description 


Pkg. Size 


U.S. 
Price 


22336ZZ BM(PE0] 3 

(1,8-0/s-Maleimidotriethyleneglycol) 


50 mg 


$ 39 



BM[PE0] 4 

Eleven atom polyether spacer provides more reach 
and reduces potential for conjugate precipitation. 




Dimrcuj 4 

M.W. 352.34 
Spacer Arm 17.8 A 

Features/Benefits: 

• Long sulfhydryl-reactive, homobifunctional cross-linker 

• Maleimides react with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 

• Non-cleavable; water-soluble 



• Polyethylene oxide (PEO) cross-bridge provides increased 
water solubility, reducing the potential for cross-linker- 
caused precipitation of conjugates 

• Ideal for small molecule or peptide conjugations 

• Reactive groups: maleimide (homobifunctional) 

• Reactive toward: sulfhydryl groups 



I Ordering Information J 


Product # Description 


Pkg. Size 


U.S. 
Price 


22337ZZ BM[PE0]< 

(1,1 1 -fl/s-Maleimidotetraethyleneglycol) 


50 mg 


$ 71 



BSOCOES 

Base-reversible cross-linking reagent. 




BSOCOES 

M.W. 436.35 
Spacer Arm 13.0 A 

Features/Benefits: 

• Water-insoluble 

• Base-cleavable (pH 11.6, 2 hours, 37°C) 



• Reactive groups: NHS ester (homobifunctional) 

• Reactive toward: amino groups 

• Literature reference #'s 8, 39 (page 213) 



LOrdering Information 






U.S. 


Product # Description 


Pkg. Size 


Price 


21600ZZ BSOCOES* 


50 mg 


$ 59 


(S/s[2-(Succinimidyloxycarbonyloxy)- 




ethyljsulfone) 







'Sulfonated, water-soluble analog also available; see Sulfo-BSOCOES. 



Cross - linhino Re a gents 



Bff 

A popular non-cleavable, membrane-impermeable, 
water-soluble DSS analog. 




BS 3 
M.W. 572.43 
Spacer Arm 11.4 A 



0"Na + 



Features/Benefits: 

• Water-soluble DSS analog 

• Non-cleavable 

• Membrane-impermeable 

• Reactive groups: Sulfo-NHS ester (homobifunctiona!) 

• Reactive toward: amino groups 

• Literature reference #9 (page 213) 



I Ordering Information I 






U.S. 


Product # Description 


Pkg. Size 


Price 


21580ZZ BS 3 


50 mg 


$ 54 


(B/s[Sulfosuccinimidyl)suberate) 







DFDNB 

Useful for cross-linking between small spatial distances. 




DFDNB 

M.W. 204.09 
Spacer Arm 3.0 A 

Features/Benefits: 

• Reactive groups: aryl halide 

• Reactive toward: amino groups 

• Literature reference #10 (page 213) 



| Ordering Information | 






U.S. 


Product # Description 


Pkg. Size 


Price 


21525ZZ DFDNB 


1 gm 


$ 49 


(1,5-Difluoro-2,4-dinitrobenzene) 








DMA 

Cross-links outer membrane proteins. 

NH 2 + cr 

NH 2 + CI~ 

DMA 

M.W. 245.15 
Spacer Arm 8.6 A 

Features/Benefits: 

• Rapid reaction with amines at alkaline pH values (pH 8-10) 

• Amidine bond retains net charge character of protein 



• Reversible at high pH values 

•Tool for study of quarternary structure of proteins 

• Reactive groups: imidoester (homobifunctional) 

• Reactive toward: amino groups 

• Literature reference #11 (page 213) 



| Ordering Information | 




U.S. 


Product # Description 


Pkg. Size Price 


20663ZZ DMA 


50 mg $ 25 


{Dimethyl adipimidate*2 HCI) 






874-3723 



Covalently links an oriented antibody to Protein A. 



NH 2 + Cf 



NH 2 + Cf 



DMP 

M.W. 259.17 
Spacer Arm 9.2 A 

Features/Benefits: 

• Rapid reaction with amines at alkaline pH values (pH 8-10) 

• Amidine bond retains net charge character of protein 

• Reversible at high pH values 

•Tool for study of quarternary structure of proteins 



• Reactive groups: imidoester (homobifunctional) 
Reactive toward: amino groups 

• Literature reference #12 (page 213) 



| Ordering Information | 






U.S. 


Product # Description 


Pkg. Size 


Price 


21666ZZ DMP 


50 mg 


$ 20 


(Dimethyl pimelimtdate*2 HCI) 







DMS 



A longer chain length imidoester cross-linker 

NH 2 + CI" 

o 




DMS 

M.W. 273.20 
Spacer Arm 11.0 A 

Features/Benefits: 

• Rapid reaction with amines at alkaline pH values (pH 8-10) 

• Amidine bond retains net charge character of protein 

• Reversible at high pH values 

•Tool for study of quarternary structure of proteins 



Reactive groups: imidoester (homobifunctional) 
Reactive toward: amino groups 
Literature reference #13 (page 213) 



I Ordering Information j 


Product # Description 


Pkg. Size 


U.S. 
Price 


20700ZZ DMS 

(Dimethyl suberimidate*2 HCI) 


1 gm. 


$ 30 



DPDPB 



A cleavable, sulfhydryl-reactive homobifunctional cross-linker. 





Features/Benefits: 

• Forms a mixed disulfide with sulfhydryl-containing 
compounds; disulfide can easily be cleaved with an 
appropriate reducing agent 

• Reactive groups: pyridyldithio 

• Reactive toward: sulfhydryl groups 

• Literature reference #1 4 (page 21 3) 



DPDPB 

M.W. 482.71 
Spacer Arm 19.9 A 



I Ordering Information | 






U.S. 


Product # Description 


Pkg. Size 


Price 


21702ZZ DPDPB 


50 mg 


$ 71 


(1,4-Di-[3'-(2'-pyridyldithio)- 






propionamidojbutane) 
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Cross -linhi nq Reaoents 



DSG 

Homobifunctional, non-cleavable five carbon spacer 
homo log of DSS. 




M.W. 326.26 
Spacer Arm 7.7 A 

Features/Benefits: 

• Can increase the cross-linking efficiency compared to that 
of DSS in some applications 



• Reactive groups: NHS ester (homobifunctional) 

• Reactive toward: amino groups 

• Literature reference #15 (page 213) 



I Ordering Information I 






U.S. 


Product # Description 


Pkg. Size 


Price 


20593ZZ DSG 


50 mg 


$ 35 


(Disuccinimidyl glutarate) 





DSP (Lomants Reagent) 



Thiol-cleavable, homobifunctional and amine-reactive. 
o 




DSP 

M.W. 404.42 
Spacer Arm 12.0 A 

Features/Benefits: 

• Acylate in aqueous or organic media within two minutes 
at room temperature 

• Four- to five-hour half-life of ester at pH 7.0 

• Introduced disulfides quantitatively cleaved at 37°C with 
10-50 mM DTT at pH 8.5 within 30 minutes 



• Disulfides also cleaved with 5% 2-mercaptoethanol in 
SDS-PAGE sample buffer (2% SDS, 0.25 mMTris base, 
10% glycerol) at 100°C for 5 minutes 

■ Reactive groups: NHS ester (homobifunctional) 
> Reactive toward: amino groups 

• Literature reference #16 (page 213) 



I Ordering Information f 






U.S. 


Product # Description 


Pkg. Size 


Price 


22585ZZ DSP (Lomant's Reagent) 


1 gm 


$112 


(Dithiobisfsuccinimidyl propionate]) 







DSS 



A non-cleavable, amine-reactive, homobifunctional 
cross-linker suited to receptor-protein studies. 




DSS 

M.W. 368.35 
Spacer Arm 11.4 A 

Features/Benefits: 

• Used for conjugating a radiolabeled ligand to a cell 
surface receptor 

• Water-insoluble; non-cleavable 



Reactive groups: NHS ester (homobifunctional) 
Reactive toward: amino groups 
Literature reference #17 (page 213) 



I Ordering Information I 


Product # Description 


Pkg. Size 


U.S. 
Price 


21555ZZ DSS 

(Disuccinimidyl suberate) 


1 gm 


$ 87 



M 
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-874-3723 



Unique cross-linker cleavable by oxidizing reagents. 

o oh o 

0 OH 0 

DST 

WI.W. 344.24 
Spacer Arm 6.4 A 

Features/Benefits: 

• Ideal for applications in which cross-link reversibility 
is desired without disturbing protein S-S bonds 



Reactive groups: NHS esters (homobifunctional) 
Reactive toward: amino groups 
Literature reference #'s 18, 40 (page 213) 



I Ordering Information j 


Product # Description 


Pkg. Size 


U.S. 
Price 


20589ZZ DST* 

(Disuccinimidyl tartrate) 


50 mg 


$ 45 



'Sulfonated, water-soluble analog also available; see Sulfo-DST. 
See also: BMDB. 



DTBP 

A cleavable, bifunctional, imidoester cross-linker. 

NH 2 + Cl" 



s' 



DTBP 

WI.W. 309.28 
Spacer Arm 11.9 A 



Features/Benefits: 

• Penetrates intact human erythrocytes 

• See DMA for imidoester characteristics 



NH 2 + Ci~ 



• Reactive groups: imidoesters (homobifunctional) 

• Reactive toward: amino groups 

• Literature reference #19 (page 213) 



Ordering Information 



Product # Description 



20665ZZ DTBP (Wang and Richards Reagent) 1 gm 

(Dimethyl 3,3'-dithiobispropionirnidate«2 HCI) 



U.S. 

Pkg. Size Price 
$ 93 



DTME 



Cleavable sulfhydryhto-sulfhydryl cross-linking agent. 




Cleavable by DTT, 2-mercaptoethanol orTCEP 

• Water-insoluble 

• Cleavable analog of BMH 

• Reactive groups: maleimide (homobifunctional) 

• Reactive toward: sulfhydryl groups 

» Literature reference #'s 7, 65 (pages 213-214) 



DTME 

WI.W. 312.37 
Spacer Arm 13.3 A 

Features/Benefits: 

• Intermediate length, sulfhydryl-reactive cross-linker 

• Maleimides react with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 



| Ordering Information I 






U.S. 


Product # Description 


Pkg. Size 


Price 


22335ZZ DTME* 


50 mg 


$159 


(Dithio-Ws-maleimidoethane) 







•See also: BMH, BMDB, DPDBP. 



3-3 
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Cross - linhino Reagents 



DTSSP 



A water-soluble, membrane-impermeable, 
thiol-cleavable cross-linker. 




0"Na + 



DTSSP 

M.W. 608.51 
Spacer Arm 12.0 A 



Features/Benefits: 

• Conditions for reducing the disulfide bond include: 50 mM 
DTT, 100 mM p-mercaptoethanol or 1% sodium borohydride 

• Reactive groups: Sulfo-NHS esters (homobifunctional) 

• Reactive toward: amino groups 

• Literature reference #20 (page- 21 3) 



| Ordering Information | 


Product # Description 


Pkg. Size 


U.S. 
Price 


21578ZZ DTSSP 

(3,3'-Dithiobis[sulfosuccinimidyl propionate]) 


50 mg 


$ 59 



EDC 

A water-soluble carbodiimide for 
of peptide conjugates. 



rapid preparation 




EDC 

M.W. 191.70 

Features/Benefits: 

• Easy removal of excess reagent and corresponding urea 
after coupling by washing with dilute acid or water 

• Numerous chemical conjugates can be synthesized via 
available -COOH and -NH 2 groups 

• Amide bond formed provides a neutral linkage, which 
is ideal for preparing peptides and antigens 



> Addition of Sulfo-NHS enhances the coupling reaction 
at physiological pH values 
» Reactive group: carbodiimide 

• Reactive toward: amino groups 

• Literature reference #'s 21, 88 (pages 213-214) 



Ordering Information 



Product # Description 
22980ZZ 



Pkg. Size 



22981ZZ EDC 



EDC* 5 gm 

(1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide 
Hydrochloride) 



*See also Sulfo-NHS (Product # 2451 OZZ). 



U.S. 
Price 



$ 61 



25 gm $198 




-874-3723 



EGS 



Long reach and cleavable under gentle conditions. 




EGS 

M.W. 456.36 
Spacer Arm 16.1 A 



Features/Benefits: 

• Cross-links formed are cleavable at pH 8.5 using hydroxyl- 
amine (Product # 26103ZZ) for three to six hours at 37°C 

• Lactose dehydrogenase retained 60% of its activity after 
reversible cross-linking with EGS 

• Reactive groups: NHS esters (homobifunctional) 

• Reactive toward: amino groups 

• Literature reference #'s 22, 41 (page 213) 



I Ordering Information \ 






U.S. 


Product # Description 


Pkg. Size 


Price 


21565ZZ EGS* 


1 gm 


$ 98 


(Ethylene glycol d/s[succinimidylsuccinate]) 







•Sulfonated, water-soluble analog also available; see Sulfo-EGS. 



EMCA 

Useful for introducing maleimide groups into biomolecules. 



o 




EMCA 

M.W. 211.21 
Spacer Arm 9.4 A 

Features/Benefits: 

• Sulfhydryl-reactive and amine-reactive via water-soluble 
carbodiimide (EDC) coupling 

• Prepare maleimide-activated proteins through EDC coupling 
of the carboxyl group to available protein amino groups 



• Maleimides react with -SH groups at pH 6.5-7.5, forming 
stable thioether linkages 

• Modifies protein sulfhydryl groups to carboxyl groups 

• Non-cleavable 

• Probe for protein -SH groups 

• Reactive groups: maleimide and carboxyl 

• Reactive toward: sulfhydryl and amino groups 

• Literature reference #66 (page 214) 



({Ordering Information 






U.S. 


Product # Description 


Pkg. Size 


Price 


22306ZZ EMCA 


1 gm 


$109 


(/V-E-Maleimidocaproic acid) 







EMCH 

Sulfhydryl- and carbohydrate-reactive cross-linker with 
immune response neutral cross-bridge. 




o 



EMCH 

M.W. 225.24 
Spacer Arm 11.8 A 

Features/Benefits: 

• Sulfhydryl- and oxidized carbohydrate-reactive agent 

• Covalently couple the hydrazide group of EMCH to 
glycoproteins and other glycoconjugates after oxidation 
with sodium periodate 



• Maleimide reacts with -SH groups at a pH of 6.5-7.5, 
forming stable thioether linkages 

• Reactive groups: maleimide and hydrazide 

• Reactive toward: sulfhydryl and carbonyl (oxidized 
carbohydrate) groups 

• Literature reference #67 (page 214) 



I Ordering Information \ 


Product # Description 


Pkg. Size 


U.S. 
Price 


22106ZZ EMCH* 

(/V-[e-Maleimidocaproic acidjhydrazide) 


50 mg 


$107 



'See also: M&H, MPBH, PDPH. 



